Mutations in the Tar DNA binding protein of 43 kDa (TDP-43; TARDBP) are associated with amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration with TDP-43 + inclusions (FTLD-TDP). To determine the physiological function of TDP-43, we knocked out zebrafish Tardbp and its paralogue Tardbp (TAR DNA binding protein-like), which lacks the glycine-rich domain where ALS-and FTLD-TDP-associated mutations cluster. tardbp mutants show no phenotype, a result of compensation by a unique splice variant of tardbpl that additionally contains a C-terminal elongation highly homologous to the glycine-rich domain of tardbp. Doublehomozygous mutants of tardbp and tardbpl show muscle degeneration, strongly reduced blood circulation, mispatterning of vessels, impaired spinal motor neuron axon outgrowth, and early death. In double mutants the muscle-specific actin binding protein Filamin Ca is up-regulated. Strikingly, Filamin C is similarly increased in the frontal cortex of FTLD-TDP patients, suggesting aberrant expression in smooth muscle cells and TDP-43 loss-of-function as one underlying disease mechanism.
Mutations in the Tar DNA binding protein of 43 kDa (TDP-43; TARDBP) are associated with amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration with TDP-43
+ inclusions (FTLD-TDP). To determine the physiological function of TDP-43, we knocked out zebrafish Tardbp and its paralogue Tardbp (TAR DNA binding protein-like), which lacks the glycine-rich domain where ALS-and FTLD-TDP-associated mutations cluster. tardbp mutants show no phenotype, a result of compensation by a unique splice variant of tardbpl that additionally contains a C-terminal elongation highly homologous to the glycine-rich domain of tardbp. Doublehomozygous mutants of tardbp and tardbpl show muscle degeneration, strongly reduced blood circulation, mispatterning of vessels, impaired spinal motor neuron axon outgrowth, and early death. In double mutants the muscle-specific actin binding protein Filamin Ca is up-regulated. Strikingly, Filamin C is similarly increased in the frontal cortex of FTLD-TDP patients, suggesting aberrant expression in smooth muscle cells and TDP-43 loss-of-function as one underlying disease mechanism.
neurodegeneration | zinc finger nuclease | proteomics A myotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration with ubiquitin and TDP-43 + inclusions (FTLD-TDP) are incurable fatal neurodegenerative diseases. ALS is characterized by the loss of upper and lower motor neurons and FTLD patients suffer from degeneration of the frontal and temporal lobes. Both diseases belong to an ALS-FTLD disease spectrum (1, 2) . TDP-43 is a RNA binding protein, which modulates RNA splicing, and systematic cross-linking and immunoprecipitation studies identified numerous RNA targets (3) (4) (5) . About 90% of ALS cases are sporadic and the majority is pathologically characterized by insoluble TDP-43 inclusions (1, 6) . Mutations in TDP-43 can lead to familial forms of ALS and FTLD-TDP (7, 8) . Most of the patientassociated mutations cluster in the C-terminal glycine-rich domain of TDP-43 (9) , which mediates protein-protein interactions and is required for splicing-associated activities as well as autoregulation (10) (11) (12) (13) (14) . Pathologically, ALS and FTLD-TDP are characterized by nuclear clearance and deposition of insoluble TDP-43 (15) . Whether neurotoxicity of the TDP-43 inclusions or reduced TDP-43 function upon nuclear clearance is responsible for ALS and FTLD is under debate. However, little is known about the physiological function of TDP-43. To obtain insights into the in vivo function of TDP-43, we investigated the morphological, developmental, and molecular consequences of a loss of TDP-43 in zebrafish.
Results
Inactivation of the Zebrafish TDP-43 Orthologs. The zebrafish genome harbors two orthologs of the human TDP-43 protein, referred to as Tardbp (Tar DNA binding protein of 43 kDa) and Tardbpl (Tar DNA binding protein of 43 kDa-like) (16) . Zebrafish Tardbp is a 412-aa protein and is highly homologous to its human ortholog, whereas the 303-aa zebrafish Tardbpl lacks the C-terminal glycine-rich domain (Fig. 1A) . mRNA of both genes is expressed ubiquitously in early stages of development and becomes most prominently expressed in the brain after 1 day postfertilization (dpf) (Fig. S1A ). Tardbp and Tardbpl proteins are detected by immunoblotting throughout early development (Fig. S1B ). To reveal the physiological function of TDP-43 and to investigate whether a loss of function might contribute to the disease we generated tardbp and tardbpl loss-of-function alleles in zebrafish by genome editing with zinc finger nucleases (ZFN) (17) (Figs. S1C and S2A). We established six independent mutant lines for ZFN sets targeting tardbp, and three lines targeting tardbpl, which all result in deletions leading to premature stop codons (Fig. S2) . Western blot analysis with Tardbp-and Tardbpl-specific antibodies (for epitopes see Fig. S3A ) showed that no protein is detectable in corresponding homozygous mutants (Fig. 1B) . ) fish are morphologically and behaviorally indistinguishable from their wild-type siblings. We did not observe changes in the axonal length or branching of spinal motor neurons in maternal zygotic homozygous tardbp −/− or tardbpl −/− mutant embryos ( Fig. 2 A and B) . We therefore asked if loss of tardbp may be compensated by tardbpl. Western blot analysis with a Tardbpl-specific antibody (Tardbpl 8G1) (Fig. S3A) revealed that the 34-kDa Tardbpl band shifts to ∼43 kDa upon transient knockdown of Tardbp (Fig. 2C) . Moreover, expression of the 43-kDa variant is strongly increased in comparison with the 34-kDa Tardbpl variant (Fig. 2C) . Scanning of the genomic tardbpl locus suggested a unique splice variant of tardbpl (referred to as tardbpl_tv1), which is predicted to encode a protein of 43 kDa. tardbpl_tv1 retains intron 5-6 of tardbpl (Fig. 2D) , resulting in an 401-aa protein with a C-terminal extension highly homologous to human TDP-43 (Fig. S3B) . Strikingly, this domain harbors most of the disease-associated mutations (9) . Moreover, most of the mutations occur at positions conserved in human TDP-43, Tardbpl_tv1, and Tardbp (Fig. S3B ). We confirmed the in vivo existence of the splice variant of tardbpl by RT-PCR (Fig. S3C) . To further verify the Tardbpl_tv1 protein, we generated a monoclonal antibody (Tardbpl_tv1 16C8-11) (Fig.  S3A) , which selectively detects Tardbpl_tv1. Western blot analysis confirmed that Tardbpl_tv1 is strongly up-regulated upon loss of Tardbp (Fig. 2E) . Tardbpl_tv1 is up-regulated to approximately the Tardbp wild-type expression level upon loss of Tardbp (Fig.  2F ), in line with the reported tight regulation of total expression levels of TDP-43 in vivo (12, (18) (19) (20) . Tardbpl_tv1 mRNA and protein is also detectable in wild-type embryos and in adult brains ( Fig. 2 C and E, and Fig. S3C ). Thus, Tardbpl_tv1 is a physiological transcript, which is up-regulated upon loss of Tardbp protein in zebrafish. Moreover, these findings demonstrate the functional importance of the C-terminal glycine-rich domain, where most of the disease associated TDP-43 mutations accumulate. mutants first become distinguishable from their wild-type siblings at 1.5 dpf because of impaired blood circulation. At 2 dpf they have severely reduced to absent blood circulation (Movies S1 and S2), despite a beating heart (Movies S3 and S4), and accumulate erythrocytes on the yolk (Fig. 3A) . To exclude gross morphological heart defects in the double-homozygous mutant embryos as a cause of the circulation phenotype, we performed whole-mount in situ hybridization with the heart-specific antisense probes cardiac myocyte light chain 2 (cmlc2) and atrial myosin heavy chain (amhc). No obvious differences between wild-type and doublehomozygous mutant hearts were detectable at 2 dpf (Fig. S4A ). The circulation phenotype was observed in tardbp
mutants with different combinations of tardbp and tardbpl mutant alleles making off-target effects generated by the ZFN very unlikely. mRNA injection of human TDP-43 was sufficient to rescue the circulation phenotype at 2 dpf ( Fig. 3B and Table S1 ). Moreover, injection of tardbpl_tv1 mRNA also rescued the circulation phenotype ( Fig. 3B and Table S1 ), which confirms its compensatory capacity (Fig. 2) . In contrast, injection of tardbpl mRNA failed to rescue, further underscoring the functional importance of the glycine-rich domain ( Fig. 3B and Table S1 ). Injection of mRNA encoding human TDP-43 with the ALS-associated mutation G348C (21, 22) rescued the circulation phenotype, although there is a trend toward reduced rescuing activity ( Fig. 3B and Table S1 ). Notably, mRNA transcribed from another ALS-associated gene, FUS (Fused in sarcoma/TLS) (23, 24) , failed to rescue the circulation phenotype ( Fig. 3B and Table S1 ). To further examine vascular lumen formation, which is required for circulation, we injected fluorescently labeled beads intravascularily (Fig. S4B ). Every injection lead to labeling of the intersomitic vessels (ISV) in wild-type embryos (n = 30). In contrast, in tardbp
mutants, only 2 of 30 embryos had beads entering the ISV. However, when the beads were able to enter the ISV, they revealed a dramatically disturbed patterning of the vessels (Fig. S4B ). Expression of the transgene Tg(kdrl:HsHRAS-mCherry) s896 , which expresses red fluorescent protein in the vasculature (25) , in the tardbp −/− ;tardbpl −/− background confirmed a dramatic mispatterning of the ISV as well as the head vasculature (Fig. 4) . The sprouts are supernumerous and hyperbranched in the mutants.
Impaired Spinal Motor Neuron Axon Outgrowth. Because motor neurons are degenerating in ALS and blood vessels and neurons share signaling pathways for migration and patterning (26), we next analyzed axonal outgrowth. Acetylated tubulin antibody staining highlighting all neuronal processes in the embryos did not point to overall axonal migratory defects (Fig. S5) . However, Znp1 antibody staining revealed a shortening of the caudal primary motor neuron axons in double-homozygous mutants (Fig. 5) . Despite shorter spinal motor neuron axons, the mutants show neither aberrant migration pathways nor abnormal branching patterns.
Loss of TDP-43 Causes Muscle Degeneration and Is Lethal in Zebrafish.
We analyzed the double-homozygous mutants for muscle integrity because muscle degeneration is one of the pathological hallmarks of ALS (7) . Loss of muscle integrity is morphologically first observed at 1.5 dpf at variable sites of the trunk. Immunohistochemical analysis with the myosin-specific antibody ZE-BO-1F4, α-actinin, and vinculin showed degenerated myocytes at 2 dpf ( Fig.  6 A and B) . Ultrastructural analysis of tardbp −/− ;tardbpl −/− mutant muscle cells by electron microscopy (EM) of high-pressure frozen samples at 2 dpf revealed smaller muscle fibers with a disorganized assembly of myofibrils (Fig. 6C, and Fig. S6 A and B) . In contrast to wild-type muscles, where muscle fibers are separated from each other by a regular array of sarcoplasmic reticulum, this organization is highly perturbed in the double mutants. The clear separation of muscle fibers is largely lost, the sarcoplasmic reticulum is dilated, and mitochondria are present between the muscle fibers (Fig. 6C) . Consistent with degenerating muscles the doublemutants have a reduced escape response upon tactile stimulus at 2 dpf (Movie S5). Loss of Tardbp and Tardbpl ultimately results in early lethality by 8 dpf (Fig. S6C) . (Fig. S7) at the earliest time point (1.5 dpf) at which we were able to distinguish wild-type from double-mutant embryos based on hypoperfusion. We identified a total of 4,491 proteins; of these proteins, 2,493 were covered by two or more unique peptides and were quantifiable in at least two biological replicates (Fig. S8A) . Most of the proteins had comparable expression levels in wild-type and tardbp −/− ;tardbpl −/− mutants (Fig. S8B) . Only 41 proteins matched our hit criteria of being 30% increased or decreased in tardbp −/− ; tardbpl −/− mutants, found in at least two of three biological replicates, represented by at least two unique peptides and a P value < 0.05. Of these hits, 13 proteins were up-regulated (Table S2 ) and 28 down-regulated (Table S3) . TDP-43 belongs to the class of hnRNP and interacts with other hnRNPs; however, we did not observe a misregulation of other hnRNP proteins (Fig. S8C) or proteins genetically linked to ALS and FTLD, including Fus, Sod1, Vcp, Optn, and Vapb (Fig. S8D) . Classic housekeeping proteins were not altered (Fig. S8E) . Consistent with the muscle phenotype, most of the down-regulated proteins are specifically expressed in the musculature (Table S3 ). The top hit of up-regulated proteins is the muscle-specific actin binding protein Filamin Ca (Table S2) mutants but the closely related Filamin Cb was unchanged and other muscle-specific proteins were down-regulated ( Fig. S8F and Table S2 ). Filamin C is an actin cross-linking protein expressed in skeletal and cardiac muscle but has also been detected in smooth muscle cells surrounding the brain vasculature (27) (28) (29) . We therefore performed quantitative RT-PCR to test if Filamin C upregulation is also observed in frontal cortex of FTLD-TDP patients. Strikingly, equally elevated Filamin C levels of both human splice variants were detected in FTLD-TDP patients compared with neurologically healthy controls and Alzheimer's disease patients (Fig. 7) . Thus, these data link the findings in our TDP-43 loss of function model to human disease.
Discussion
Whether insoluble TDP-43 deposits are the neurotoxic entity in ALS and FTLD-TDP or whether nuclear clearance results in has been hampered by the early lethality of TDP-43 knock-out mice (18) (19) (20) . We investigated the consequences of the loss of TDP-43 orthologs in zebrafish development. Single homozygous tardbp or tardbpl mutants have no obvious morphological phenotypes. In contrast to a previous report, which analyzed morpholinomediated knockdown of Tardbp (30), we did not observe changes in spinal motor neuron axon length or branching upon transient knockdown of Tardbp by antisense gripNA, nor were changes observed in maternal zygotic homozygous tardbp −/− or tardbpl −/− mutant embryos. These phenotypic differences may result from nonspecific morpholino-mediated side effects that affect motor neurons. We obtained viable zebrafish larvae upon elimination of both TDP-43 orthologs, enabling us to be unique in studying the consequences of TDP-43 loss-of-function throughout vertebrate development. We observed a shortening of the spinal motor neuron axonal length only in tardbp
, consistent with previous reports of axonal outgrowth defects upon TDP-43 depletion (31) (32) (33) .
We demonstrate an unexpected physiological requirement of TDP-43 in vessel patterning, perfusion, and muscle maintenance. Vascular mispatterning is not a consequence of hypoperfusion because mutants defective in circulation, such as the silent heart mutant, do not have aberrant ISV patterning (34) because the early zebrafish embryo is not dependent upon oxygen supply provided by circulating erythrocytes. Vascular mispatterning also does not seem to be a consequence of impaired muscle function, because head vessels that lack adjacent musculature during this embryos per experiment. *, P < 0.05; ***, P < 0.005, student t test. early stage of development (35) are also severely mispatterned. Skeletal muscle degeneration is also not seen in silent heart mutants (36 ;tardbpl −/− mutant circulation phenotype, demonstrating that it is not a complete loss-of-function. However, we observe a trend of mutant TDP-43 G348C toward reduced rescuing activity that indicates a partial loss-of-function because of the mutation. Importantly, mutations are almost exclusively found in the C-terminal glycine-rich domain, which we showed is functionally extremely important. We therefore hypothesize that a subtle loss of function of the glycine-rich domain leads over time to ALS and FTLD-TDP pathology, whereas a complete loss of this domain is not compatible with life.
Our whole animal quantitative proteomic analysis revealed that the majority of proteins with reduced abundance are muscle-specific in line with the observed myopathy. Filamin Ca was identified as the top hit of the up-regulated proteins. The importance of Filamin C for muscle integrity is supported by the observation that mutations in Filamin C lead to myofibrillar and distal myopathy in humans (38, 39) . Moreover, mutant analysis of Filamin C in Medaka and zebrafish support a conserved function in teleosts (40, 41) . Filamins are actin cross-linking proteins, anchors for membrane proteins and structural components, and have important signaling functions (42) . Filamins are therefore important regulators of cytoskeletal dynamics. Even though Filamin C has not been identified as an RNA target bound to TDP-43 by cross-linking and immunoprecipitation analysis, it was also identified in mouse brain to be about twofold up-regulated upon siRNA-mediated knockdown of TDP-43 (3). Consistent with the observation that postnatal inactivation of TDP-43 causes rapid death (43) and that TDP-43 inactivation in motor neurons results in astrocytosis, muscle weakness, and motor neuron loss (44) , one may argue that a TDP-43 loss-of-function contributes to the disease. A potential link of a TDP-43 loss-offunction phenotype in animal models to the human disease comes from our observation of elevated Filamin C mRNA levels in human frontal cortex of FTLD-TDP cases. The functional consequence of the up-regulation of muscle-specific Filamin C in the human FTLD-TDP brain remains speculative. However, in line with expression of Filamin C in smooth muscle cells (27) (28) (29) , we hypothesize that increased Filamin C in FTLD-TDP patients affects proper function of the neurovascular unit, thereby dysregulating cerebral blood flow and compromising the blood-brain barrier. This finding is consistent with observations in ALS patients and animal models where hypoperfusion and impaired blood-brain barrier function were observed preceding neurodegeneration (45) (46) (47) (48) (49) (50) . Evidence from postmortem brain and spinal cord further supports a dysfunction of the blood-brain barrier, the blood-spinal cord barrier, and pericytes in ALS patients (51) . Thus, our findings not only reveal an unexpected requirement of TDP-43 for muscle maintenance, blood flow, blood vessel formation, and motor neuron axon outgrowth, but may also provide evidence for a loss-of-function disease mechanism in TDP-43 proteinopathies.
Experimental Procedures
For generation of zebrafish mutants, compoZr custom ZFN were designed and purchased from Sigma. mRNA of ZFN sets were microinjected into embryos and F1 offspring was screened for mutations by PCR and restriction fragment length polymorphism.
A complete description of the methods used can be found in the SI Experimental Procedures. Large part of the sarcoplasmic reticulum is misaligned and dilated (filled arrowheads). Individual myofibrils are not well separated from another and mitochondria can now be found within the muscle fibers at (black arrow). (2 dpf) (Scale bars, 500 nm.) Fig. 7 . Filamin C mRNA is up-regulated in FTLD-TDP patients but not in Alzheimer's disease (AD) and healthy aged-matched control patients. Relative mRNA levels of Filamin C long and short splice variants in human FTLD-TDP and Alzheimer's disease patients and healthy aged-matched controls, determined by quantitative RT-PCR and normalized to GAPDH and YWHAZ. *P < 0.05, **P < 0.01, Kruskal-Wallis test with Dunn's multiple comparison test.
